Spatial distributions of turgor and longitudinal growth were compared in primary roots of maize (Zea mays L. cv FR27 x FRMol7) growing in vermiculite at high (-0.02 megapascals) or low (-1.6 megapascals) water potential. Turgor was measured directly using a pressure probe in cells of the cortex and stele. At low water potential, turgor was greatly decreased in both tissues throughout the elongation zone. Despite this, longitudinal growth in the apical 2 millimeters was the same in the two treatments, as reported previously. These results indicate that the low water potential treatment caused large changes in cell wall yielding properties that contributed to the maintenance of root elongation. Further from the apex, longitudinal growth was inhibited at low water potential despite only slightly lower turgor than in the apical region. Therefore, the ability to adjust cell wall properties in response to low water potential may decrease with cell development.
Expansive growth of plant organs is driven by protoplast turgor which deforms the cell walls irreversibly at a rate dependent on physical and metabolically regulated wall yielding properties (4, 21) . To continue organ expansion at reduced i,62 therefore, the plant may compensate by adjusting cell osmotic potential to maintain turgor and/or by adjusting wall yielding properties.
Roots often continue to grow at low i/w that completely inhibit shoot growth (22, 24, 27) . In primary roots of maize growing at low 4,w in vermiculite, Sharp et al. (24) showed that elongation was maintained preferentially toward the apex and was unaffected in the apical 2 to 3 mm at iw as low as -1.6 MPa. Substantial osmotic adjustment did occur in this region (23) but compensated only partially for the decrease in vermiculite 46w, suggesting that turgor was greatly decreased.
To account for the maintenance of elongation, therefore, it is probable that a large adjustment ofcell wall yielding properties had occurred.
The decrease in turgor in the apical region at low 4,w requires confirmation in the form of direct measurements, because the above-mentioned turgor estimates did not account for several effects of unknown magnitude, including decreases in the tissue iw due to growth (2) tions of apoplastic solutes (4) . Our objective was to use a miniature pressure probe to measure directly the longitudinal and radial distribution of turgor in the elongation zone of intact maize primary roots growing at high or low i,6 in vermiculite. The measurements confirm that turgor was greatly decreased at low t,6 throughout the elongation zone.
Thus, a large adjustment of cell wall yielding properties must contribute to root growth maintenance at low 4'N.
MATERIALS AND METHODS

Plant Culture
Seeds of maize, Zea mays L. cv WF9 x Mo 17, used in earlier work (23, 24) were no longer available. Therefore, experiments were conducted with a related cultivar (FR27 x FRMo 17), in which effects of low i,/ on the longitudinal growth distribution of the primary root are similar to those reported previously (experiments described below). Seeds were germinated in vermiculite well moistened with 10' M CaCI2 for 33 h. Thirty seedlings with radicles approximately 5 mm long were transplanted to a culture cylinder (Fig. 1 ) which was lined with a transparent plastic sheet and filled with vermiculite of either high or low 4,' (mean ± SD: high 4', -0.02 ± 0.01 MPa; low 4', -1.58 ± 0.13 MPa). The different vermiculite i/' were obtained by mixing thoroughly with different amounts of water and were measured by isopiestic thermocouple psychrometry (3). The seedlings were placed against the inside of the liner so that root growth could be observed. The cylinder was kept in a high humidity (99% RH) room at 29 ± 1°C until measurements with the pressure probe were made. Seedlings were kept in darkness except during transplanting and intermittent observations which were made under a dim green safelight (maximum transmission 512 nm; range 460-560 nm).
Culture Cylinder
The culture cylinder was constructed from a Plexiglas tube with walls 6 mm thick and an o.d. of 11 cm (Fig. IA) . The central ring of the tube was 7 cm high and could rotate freely between the top and bottom rings (6 and 7 cm high, respectively) to allow any root tip within its boundaries to be accessed through small windows. The windows were 6 mm wide and 12 mm high at the inner surface of the cylinder and 19 mm wide at the outer surface. The pressure probe capillary and the line of sight from a horizontally oriented microscope (SMZ-10, Nikon Inc., New York) converged unobstructed at a 900 angle on the root (Fig. 1B) Figure 1 . A, Culture cylinder; B, Cross-section through window (not to scale). 1, Vermiculite filling inside of cylinder; 2, connecting rod; 3, window for pressure probe access to root tip; 4, freely rotating central ring; 5, section of plastic straw filled with petroleum jelly; 6, pressure probe capillary; 7, strip of highly reflective Mylar; 8, clear plastic inner liner; 9, clear plastic outer sheet secured over window with petroleum jelly and rubber bands.
protected against dehydration through the windows while the roots grew.
To prepare for turgor measurements the inner liner was gently cut away to expose a portion of a root tip (Fig. 1B) . The outer surface of the window was then covered with a clear plastic sheet which was secured to the cylinder with petroleum jelly and rubber bands to prevent dehydration. To ensure a stable vapor pressure around the root tip, a few drops of a NaCl solution of the same 1,& as the vermiculite were held in the bottom of the window by the outer sheet. This solution did not contact directly the root or the vermiculite. A gas-impermeable channel was preformed in the outer sheet to allow the probe to access the root (Fig. 1B) . The channel was formed by sealing a 1-cm section of plastic soda straw in a hole in the sheet and filling the outside end of the straw with petroleum jelly. A thin piece of highly reflective Mylar was inserted through the straw and behind the root to reflect light from the co-axial illuminator of the microscope. This allowed turgor measurements to be made using green light of <20 ,umol photons m-s'. Cutting away the inner liner, securing the plastic sheet, introducing some standard solution, and inserting the Mylar and petroleum jelly were carried out quickly (<90 s) in the high-humidity room. The cylinder was then transferred to an adjoining room where the pressure probe was set up. Green light and 29°C were used in this room also but at 70% RH. The petroleum jelly in the straw was slightly parted to allow insertion of the probe into the space between the root and the straw, and the straw was immediately resealed.
Turgor Measurements
Cell turgor measurements were made using a pressure probe system essentially as described by Husken et al. (1 1) . Capillary tips were sharpened at a 370 angle to an o.d. of 2 to 4 ,m using a micropipette grinder (EG-4; Narashige Inc., Greenvale, NY). Turgor measurements were made in cells of the cortex and stele; the depth of penetration was determined using a linear variable differential transformer (050HR-DC; Schaevitz, Pennsauken, NJ) attached to the micromanipulator (Leitz, Wetzlar, FRG) as described by Pritchard et al. (18) . Tissue widths were measured every 2 mm for 10 mm from the apex using transverse sections.
The rapid movement away from the root of the meniscus between cell sap and oil was used as the criterion for cell penetration. The meniscus was then moved back toward the root so that within 20 s after penetration it was at its original position where it was maintained by adjusting the volume in the oil reservoir using a remote electronic drive. Turgor was then recorded for up to 2 min during which time the meniscus was moved back and forth over a very small range to keep the tip from plugging. The 
Longitudinal Growth Distribution
The spatial distribution of longitudinal growth was determined using the procedure of Sharp et al. (24) for roots selected by the same criteria as described for turgor measurements. These experiments were conducted in the high humidity room. Briefly, the apical 12 mm of the roots were marked at approximately 1-mm intervals, and the velocity of displacement of the marks away from the apex was determined from enlarged prints of photographs taken every 15 min for 1 h. The longitudinal strain rate (local relative elongation rate) distribution was then obtained by differentiating displacement velocity with respect to position. Only roots that elongated at >82% ofthe rates before marking were used for spatial growth analysis. Numerical methods were modified from those of Silk et al. (25) .
RESULTS
Root Elongation
Root elongation rates before turgor measurement were (mean ± SD) 2.80 ± 0.23 mm h-' at high vermiculite 4w and 0.98 ± 0.09 mm h-' at a 0,6 of -1.6 MPa. Spatial growth analysis showed that the inhibition of elongation at low A, was associated with a shortened elongation zone ( Fig. 2A) . At high iW, longitudinal growth occurred for 10 mm from the apex with the maximum rate at 4 mm, whereas at low ipw little growth occurred beyond 6 mm. The same longitudinal growth rates were obtained in the apical 2 mm in both treatments, however. These data are similar to those reported previously for a different variety (24) .
Manipulation of roots for turgor measurement often resulted in inhibition of elongation, particularly in the low ,6w Figure 2B are presented in three classes according to depth: outer cortex, inner cortex, and stele. The corresponding tissue dimensions are given in Table I Figure 2B in that category.
The turgor profiles we obtained can be considered steady Although some earlier investigations showed that root elonpatial distribution of (A) longitudinal strain rate (local gation recovered despite decreased turgor in the root tips 3ation rate), and (B) turgor in the apical 10 mm of roots following immersion in solutions of low 4,', (9, 12, 14) , none igh 4/', (-0.02 MPa, solid symbols) or low /1, (-1.6 MPa, had the spatial resolution of either growth or turgor required Is) in vermiculite. Strain rates are means ± SD (high , to confirm or resolve the location of adjustments in wall w, n = 6). Turgor values are from individual cells of the yielding properties. This information is obviously critical to (-, 0), inner cortex (A, A), and stele (U, l). For gain an understanding of the underlying regulatory processes. g tissue dimensions see Table I .
In this study, turgor showed little longitudinal or radial variation within the elongation zone at either high or low 4s'.
Therefore, the observed growth patterns must have resulted Elongation rates during the turgor measurements from longitudinal variation in cell wall yielding properties. n Figure 2B were a minimum of 70% of the rates Results similar to ours, although confined to roots at high 41, ipulation (mean + SD: high 4,,, 2.71 ± 0.30 mm were obtained for wheat primary roots in hydroponic culture 0.83 ± 0.12 mm h-'). (18, 26) . The distribution of turgor in roots growing at low /' has not been reported.
The importance of quantifying growth-turgor relationships in plant organs with consideration of spatial variability has /W,turgor in the elongation zone ranged from 0.51 been noted by others (9, 10) . Indeed, our conclusion of la and showed only slight longitudinal variation, Determination of m and Y in roots has been attempted by graphing the relationship of root elongation rate (y axis) to root tip turgor (x axis) obtained at a range of i/' in soil (7) or in solutions of mannitol (19) . In both cases the relationships were approximately linear, giving single estimates for m (slope) and Y (x intercept). It was concluded, therefore, that both parameters were invariant with decreases in i,6. Information concerning the distribution of elongation at the different 4'w would probably have changed these conclusions. In the present study, a plot of root elongation rate versus average growth zone turgor gives a relationship with an x intercept of approximately 0.1 MPa. A plot of the longitudinal strain rate against turgor at 2 mm from the apex gives a slope of zero, however, and at greater distances such plots have varying slopes and x intercepts. This indicates clearly the inadequacy of a growth-turgor plot of the whole organ to assess accurately m and Y, because of variation in the parameters with spatial location and, at least in the apical region, between the different 4,' treatments.
The facts that we imposed low 4K, by transplanting to vermiculite of low water content rather than using solutions and that roots were maintained in a vertical orientation to avoid gravity-induced disturbance of the growth pattern (1) also strengthen the conclusions of our study. Interpretation of growth-turgor relationships when low V6K is imposed in solutions by osmolytes such as mannitol may be confounded by uptake of the osmolyte (5, 8) and the alleviation of apoplastic tension which might influence water and solute transport processes (28) . Some consideration in assessing control of root growth at low 4K should be given to the decreases that occurred in root and cell cross-sectional areas (Table I) (6, 24) . The force driving root elongation is the product of the turgor and crosssectional area of tissue exerting stress on the load-bearing longitudinal cell walls (10, 15) . In shoot growing regions the epidermis appears to be stress-bearing with the inner tissues being under compression, whereas in roots the stele and/or endodermis has been implicated as the tissue bearing the most longitudinal stress (reviewed in ref. 13 ). Our conclusion that cell wall yielding properties were adjusted at low 4K is not altered by this uncertainty, because turgor was decreased at low 4,K in both the cortex and stele. However, without a detailed knowledge of effects of low 4,K on the cross-sectional area of the load-bearing walls, we cannot assess the contributions to root growth maintenance of adjustments in biochemical relative to physical wall yielding properties. The maintenance of root elongation despite decreased turgor contrasts with a number of studies of shoot growing regions where turgor was fully maintained at low 4', yet growth was inhibited (9, 10, 16, 17, 27) . The interpretation of these results was that the cell wall properties were altered in such a way as to limit shoot growth at low 4K. The ability to maintain root elongation at low turgor and at 4K that completely inhibit shoot growth (22, 24, 27 ) is clearly advantageous for plant survival when water supply is limited. The metabolic basis for the opposite changes in cell wall yielding properties at low 4K in roots and shoots is not known but may be related to the recent discovery (20) that accumulation of endogenous ABA in maize seedlings at low 4', acts differentially to maintain primary root growth and inhibit shoot growth. Application of the turgor measurement system developed here to studies of the role of ABA in root growth at low 4K, is planned.
